Abstract -In this paper, multi-input multi-output (MIMO) forward looking synthetic aperture radar (FL-SAR) is developed for imaging from a moving ground vehicle in urban multipath environments. Conventional SAR is often seriously degraded by ghost artifacts with the same direction of arrival and delays as direct path returns. In this paper, MIMO methods are used to improve SAR images by suppressing directions of departure which would otherwise be multipath scattered and added to direct path returns. Both conventional and adaptive MIMO SAR methods are presented and compared in a multipath imaging simulation. The results suggest MIMO SAR may offers substantial gains versus conventional SIMO imaging in urban settings.
I. INTRODUCTION
Current synthetic aperture radars are most effective in simple, open terrains where direct-path propagation can be assumed. For ground-vehicle based SAR from a moving platform, however, strong multipath scattering off terrain features, including street signs, parked vehicles, and the like, results in spread-Doppler clutter (SDC) which results in serious imaging artifacts. Vehicular SAR in urban areas, therefore, has thus far been precluded.
In conventional SAR image formation, multipath scattering introduces false time of arrival and reflectivity imaging ghosts. Current multipath mitigation solutions for single channel SAR have been introduced by D. A. Garren [1] and W. Liang [2] . These approaches model the multipath echo as a direct path echo with a random phase offset.
In this paper, a strip-map forward-looking (FL) multiinput multi-output ground (MIMO) SAR system is presented in conjunction with space time adaptive processing (STAP) and frequency-wavenumber (Stolt) mapping [3] . The resulting FL-SAR configuration can resolve the left-right ambiguity of traditional side-looking mounted array, and achieve finer resolution in cross track direction, which is significant for vehicular wide-swath mapping systems. Moreover, using MIMO techniques, the potential to mitigate multipath clutter is achieved by applying a three dimensional non-causal spatial filter in the direction-of-departure (DOD), direction-of-arrival (DOA), and Doppler-frequency domains as previously proposed for over-the-horizon radar in [4] .
The organization of this paper is as follows. Section II reviews the system model and derives the novel MIMO image reconstruction algorithm as an extension of existing SAR signal processing techniques. Section III transforms the SAR image focusing technique into a modified wellknown STAP method. A set of simulation evaluation of proposed methods are conducted in Section IV, and conclusions are drawn in Section V.
II. SIGNAL MODEL AND IMAGE
RECONSTRUCTION Assume a two dimensional geometry appropriate for ground-based systems. Let the MIMO forward-looking platform travels along y axis, denoting the platform position as 0, . The transmitting and receiving antennas are mounted along the line , as shown in Figure 1 . Ignoring amplitude terms, the received direct-path backscattering signal in the temporal frequency domain can be written as:
where and are the relative distance from y axis to the transmitting and receiving elements respectively, and , is the scattering reflectivity at (x, y). Using the phase center approximation based on Taylor expansion [7] , which approximates the bistatic system as a co-located monostatic one, equation (1) The mapping from (2) to (3) is a many-to-one transform. By combining different and pairs which have same values of (for example, the pairs 0.1, 0.1 and 0.2, 0.2 share the same value 0 ), the output direct-path backscatter to multipath backscatter power ratio can be enhanced.
Taking the Fourier transform in domain on (3) using the method of stationary phase [6] , and letting / , we obtain: 
From (4), it can be seen that there is a phase shift between each slow-time or along track sample at spatial frequency 2 where · refers to the coordinate transform which is performed via a frequency domain interpolation, known as Stolt mapping [3] . Thus, the 2-D reflectivity image , can be obtained through a 2-D inverse Fourier Transform in both and .
III. STAP FOR MIMO FL-SAR
This section focuses on relating the MIMO SAR image reconstruction algorithm with the traditional STAP method. For traditional or far-field STAP, narrowband signals are usually assumed (i.e., / is a constant), and the STAP weights are applied to each range gate independently in time domain. It also assumes that the targets stay in the same range bin, and the phase shifts in both slow-time and spatial frequency domains are linear. Letting N, M and L represent numbers of samples in the transmitting, receiving and slow-time domains, respectively, the direct-path backscatter wavefront vector Here denotes the platform velocity, and the Doppler frequency for direct-path clutter for side-looking array or for forward-looking array However, a wideband near-field scenario is often considered in SAR signal processing, especially in the slow-time domain (the synthetic aperture length is long, and the target is no longer in the same range bin in slow time, commonly called range walk). Therefore, modifications of the far-field STAP algorithm have to be made in order to be used for SAR image reconstruction. 
Note that, the first term of equation (6) is the slow time phase shift in MIMO SAR (equation (6) can be also obtained by solving the wave equation as in [3] ). In the case of direct path echo, the transmitting angle and the receiving angle are identical, i.e. 2 2 ,
and equation (6) becomes:
One can compare the slow-time term in (8) with the far-field Doppler frequency of FL-SAR system: Assuming far-field propagation among the transmitting and receiving elements at one slow-time sample, with the relationship in (7), the direct-path clutter return in temporal frequency domain is proportional to: Since practically it is hard to accurately estimate , the total covariance matrix is chosen instead of , with proper diagonal loading for robustness of steering mismatch. This refers to the minimum power distortionless response (MPDR) [5] . On the other hand, due to the high complexity of the inversion of such a large covariance matrix, partially or reduced-rank adaptive techniques will be studied in the future work.
IV. SIMULATION
Consider a MIMO FL-SAR system which is working within the RF frequency band 2.1GHz to 2.7 GHz with 4 transmitting antenna and 8 receiving antenna. The interelement spacing is 5cm, smaller than half of the minimum wavelength. The platform travels along the y-axis with a constant velocity 10 m/s. The pulse repeated interval is assumed as 0.02 s, with the corresponding along track sampling rate as 0.2 m. Assume 6 spread stationary point targets locate in the x-y plane, each of which has a unit reflectivity. The detail parameters used are listed in Table. 1. In the simulation, a first-order scattering model between these 6 targets is used, which results in a total of 30 multipath returns. In the first run, the total input directpath to multipath ratio (i.e., the energy of direct path returns divides that of the multipath returns) is set to be 0 dB. Both of the SIMO and MIMO configuration of the SAR systems are studied here, and image reconstruction algorithm is based the conventional weights shown in section III.
The results of the simulation are shown in Figure. 2. In the SIMO case, Figure.2 (a) , all of the 6 targets are focused without spatial aliasing due to utilization of the array; however, the image quality is perturbed by the multipath ghosts on the edge of the image. In the MIMO case, Figure.2 (b) , the multipath ghosts are successfully mitigated, and the peak value of the strongest ghost is reduced by -14 dB. 0 -5 m Targets location: [3, 4] , [5, 4] , [3, 9] , [5, 9] , [3, 13] , [5, 13] Table. 1. List of simulation parameters A second phase of simulation experiment is in presence of strong multipath clutters by setting the input direct-path to multipath ratio at -10 dB. Both conventional MIMO STAP weights and MPDR weights are compared in this phase, shown in Figure 3 . It can be observed that, perturbed by the strong multipath clutters, the conventional imaging result is poor due to the high sidelobes in Figure 3 (a) . By using the adaptive weights as in Figure 3 (b) , the sidelobes and clutters are efficiently mitigated, and all the six stationary point targets can be identified.
A more complicated image is considered in the third phase of simulation. A room with three cylinders is tested as an input image in Figure 4 (a). We assume all the walls and objects, solid lines in Figure 4 (c), are visible without geometric modeling. However, the multipath returns are modeled according to geometric optics. The total input direct-path to multipath ratio is setting as 0 dB and only conventional weights are used. The results are illustrated in Figure 4 (a) and (b), and similar to the previous experiments, the MIMO image exhibits robustness to the multipath returns. However, since only 4 transmitting elements are used, multipath returns inside the mailobe region are still visible.
V.CONCLUSION
This paper addressed with the image reconstruction problem for a vehicular FL-MIMO SAR system. Algorithms in frequency-wavenumber domain are introduced which can be extended to a modified STAP scenario as discussed in Section III. Thanks to the noncausal spatial filter in both DOD and DOA, the multipath clutter echoes are successfully mitigated by MIMO processing algorithm as shown in the simulation results in Section IV. Future studies include the estimation of directpath backscatter free covariance matrix from the received data to achieve robust beamforming output and use of a reduced-rank adaptive filter to increase computational efficiency. Also, the performance of the algorithm will be evaluated by using a real MIMO radar data from an indoor S-band FMCW testbed radar [8, 9] . 978-1-4244-8902-2/11/$26.00 ©2011 IEEE
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